or 48 h after transferring to Petri dishes. After hexanal application, the Petri dishes were kept inside the containers that were closed for 24 h at 20 ºC. Mycelial growth was measured seven days after hexanal removal. For in vivo assays, inoculated fruits were kept in closed plastic containers, and hexanal was applied at the moment of fruit inoculation or 24 hours thereafter.
Introduction
Brown rot, caused by Monilinia fructicola (G. Winter) Honey, M. laxa (Aderhold & Ruhland) Honey, and M. fructigena Honey, is one of the most important peach (Prunus persica (L.) Batsch) diseases due to the high crop losses it causes around the world (Ogawa et al., 1995) . In Brazil, M. fructicola is the most prevalent species (May de Mio et al., 2011) , although M. laxa has been recently reported in the Southeastern region (Souza et al., 2008) . The disease starts in the fi elds, however, in most cases the symptoms are expressed only at the ripe fruit stage (quiescent disease) (Ogawa et al., 1995) . The pathogen penetrates fruits mainly through wounds, caused by insects in the fi eld or by harvest and postharvest handling (Neri et al., 2007) .
In conventional and integrated production systems, brown rot is controlled by preventive applications of fungicides during blooming and pre-harvest. Postharvest fungicide use is allowed only in few countries, and restrictions to its use are increasing (Neri et al., 2007) . This fact has stimulated research on alternative methods for controlling fruit diseases, such as through the use of plant volatile compounds (Cowan, 1999; Neri et al., 2006; Neri et al., 2007) , or essential oils (Isman, 2000; Tripathi and Dubey, 2004) . Plant volatile compounds can inhibit microorganism development (Caccioni et al., 1995) and sporulation (Fries, 1973) . Such products are associated with plant defence mechanisms and could be extracted and applied to other harvested perishables. The aldehydes trans-2-hexenal, citral, and hexanal are examples of volatile compounds (Neri et al., 2007) .
Hexanal is produced by the oxidative degradation of fatty acids, and contributes to the "green" taste of many fruit and vegetables species (Croteau, 1978) , including peaches (Aubert and Milhet, 2007) . A commercial product with hexanal as active ingredient is available and has been approved as a food additive by the US Food and Drug Administration (FDA) (Song et al., 1996) . Botanical fungicides have lower human risks and animal toxicities, and cause less environmental pollution and their research and development costs are lower than synthetic fungicides (Tripathi and Dubey, 2004) . The purpose of the present research was to determine the effectiveness of hexanal on the inhibition of the in vitro development of M. fructicola and M. laxa and on the control of brown rot development on peaches inoculated with the same pathogens.
Materials and Methods

Effects of hexanal on mycelial growth and sporulation of M. fructicola and M. laxa
Monilinia fructicola and M. laxa, isolated from Brazilian peach orchards, were cultured on PotatoDextrose-Agar (PDA) and kept at 20 ºC in the dark (Biggs and Northover, 1988) . From seven-day-old colonies, 0.5-cm-mycelial plugs of the pathogens were transferred to Petri dishes containing Potato-DextroseAgar (PDA). These dishes were kept uncovered inside a closed plastic container with a glass jar where 215 µL of liquid hexanal (purity = 98 %) were added. The plastic containers were made from polypropylene (bottom and cover) (285 mm long , 214 mm wide and 104 mm high (4.3 L), 6.06 mm thick, and 1.92 mm in cover thickness). The container cover was tightly fi xed. The hexanal concentration at application was 50 µL L -1 of the container. Three uncovered Petri dishes of each pathogen were used inside each container, and three containers, maintained inside growth chambers at 20 ºC, were used per treatment. Treatments were hexanal application as a single dose at the moment of fungi transfer (H 0 ), 24 (H 24 ) or 48 h (H 48 ) after transferring. The product was kept in the closed containers for 24 h, and after this period, the containers were opened. The concentration of the volatile inside the containers at the end of the treatment and the volatile absorption by PDA were not measured. H 0 corresponded to an eradicative treatment, and H 24 and H 48 to curative treatments. Control treatments did not receive the volatile compound and were used for each period of hexanal application.
Colony diameters were measured along two axes perpendicular to each other seven days after opening the containers and the average of the two diameters was recorded as the colony diameter. Mycelial growth reduction of the fungi was calculated according to the formula: (1 -CD H / CD C ) x 100, in which CD H is the colony diameter in the hexanal treatment and CD C is the colony diameter in the control treatment. The results were expressed in percentage. The experiment was repeated once.
Fungi spore production in hexanal and control treatments was quantifi ed seven days after opening the containers for each treatment. From each Petri dish, a mycelial plug (0.5 cm in diameter) was removed approximately 2 cm from the centre of the dish. This disc was placed in a test tube of sterile distilled water (10 mL), 10 µL of Tween 20 and 30 µL of lactoglycerol to prevent spore germination. From these suspensions, an aliquot of 0.2 mL was transferred to a haemocytometer to count the spores. The data were transformed to spores per cm² of the colony.
Effects of hexanal on brown rot incidence and lesion development
The same isolates of M. fructicola and M. laxa used in the in vitro experiment were inoculated on peaches and kept in growth chambers at 20 ºC for seven days to produce the inoculum for the in vivo experiments. Spore suspensions were prepared by adding 10 mL of sterile distilled water on the fruit with the pathogen. Mycelium and spores were scraped with a brush and then fi ltered by a double layer of cheesecloth. Spore concentrations were determined with a haemocytometer and adjusted to 10 5 spores mL -1 . Peaches were purchased from the São Paulo wholesale market, and the maturity stage of the fruits was determined by physical-chemical analyses. The peaches presented a fi rmness of 17.9 N on average and soluble solids content of 8.85
o Brix. Only visibly undamaged and disease-free fruits were used in the experiments. The peaches were surface disinfested by immersing them in a sodium hypochlorite 0.5 % solution for two minutes and then leaving them to dry at room temperature.
Fruits were wounded on the equator region with a sterile nail (3 mm deep and 1 mm wide). An aliquot of 30 µL of the pathogen spore suspension was applied over the wound. Eight peaches were placed inside the same type of containers used in the previous experiments with wet cottons (to provide a moist chamber) and a glass jar to which 215 µL of liquid hexanal were added. The volatile was applied at the moment of fruit inoculation (eradicative treatment) or 24 h after inoculation (curative treatment). The containers were immediately closed and kept at 20 ºC inside a growth chamber. Hexanal was kept for 24 h in each container, which was kept opened after this period. The hexanal concentration inside the containers at the end of the treatment and the volatile absorption by the fruits were not measured. Control treatments did not receive the volatile. Three containers were used per treatment (replications). Three experiments with the peach cultivar 'Chiripá' were carried out.
The number of infected fruits (disease incidence) and lesion diameters were assessed daily for seven days. Fruit with a softening aspect on the region of the pathogen inoculation were considered diseased. Lesion diameter was measured in two perpendicular directions and the average of the two measurements was recorded as lesion diameter. Spore production was quantifi ed at the end of the second and third experiments. From each fruit, a 0.25 cm² square piece was removed approximately one centimetre from the wound. This piece was placed in a test tube with sterile and distilled water (3 mL), 10 µL of Tween 20, and 30 µL of lactoglycerol to prevent spore germination. From these suspensions, an aliquot of 0.2 mL was transferred to a haemocytometer to count the spores. Data were transformed to spores per cm² of colony.
Data analysis
The means of mycelial growth reduction for M. fructicola and M. laxa treated with hexanal, expressed in percentage in relation to the control treatments, were compared by Tukey´s test (p < 0.05). A linear model (y=a+bx, where y is the lesion diameter, a and b are regression coeffi cients, and x is time) was fi tted to the lesion diameter development over time. The angular coeffi cient of each regression was compared to each other by the t-test.
Results
Effects of hexanal on mycelial growth and sporulation of M. fructicola and M. laxa All hexanal treatments reduced the mycelial growth of M. fructicola and M. laxa. The hexanal application at the moment of fungi transfer (H 0 ) caused a reduction of 100 % and 83 % for M. fructicola and M. laxa, respectively, in relation to the control treatment (Figure 1) . Hexanal application at 24 and 48 h after fungi transfer reduced mycelial growth by 95 % and 76 % for M. fructicola and by 71 % and 65 % for M. laxa, respectively. All hexanal treatments completely inhibited spore production after seven days of the volatile removal, while in Botrytis cinerea, although these compounds were kept in closed containers for a longer period (two weeks) (Wilson et al., 1987) . On the other hand, a similar dose of hexanal used against an European strain of M. laxa (57.2 µL L -1 ) inhibited only 50 % of its mycelial growth (Neri et al., 2007) . Fungicidal activity against Penicillium expansum was only achieved when hexanal was applied at the rate 98.4 µL L -1 (Neri et al., 2006) . Mycelial growth of Sclerotinia sclerotiorum, Colletotrichum gloeosporioides and Alternaria alternata was almost completely inhibited after a 12-h exposure to 900 µL L -1 hexanal vapor (Song et al., 2007) , while in our study, 215 µL of hexanal applied as a single dose inside the containers (4.3 L) at the moment of fungi transfer had the same effect on M. fructicola. control treatments, spore production ranged from 3.45 x 10 4 to 7.08 x 10 4 spores per cm² of colony (Figure 1 ).
Effects of hexanal on brown rot incidence and lesion development
Monilinia fructicola and M. laxa were able to infect peaches regardless of the treatment. Final disease incidence was higher than 80 % for all treatments. However, lesions were reduced in hexanal treatments when compared to the control treatments (p < 0.05). Hexanal used as a single dose on eradicative and curative treatments showed signifi cant reduction in the lesion development (Figures 2 and 3) and completely inhibited spore production over the fruit (Figure 2 ). The curative treatment (H 24 ) showed higher reduction in the disease development than the eradicant treatment (H 0 ) for both pathogens in all experiments, demonstrating that hexanal will have an effect on the disease development even after pathogen penetration into fruit. The lesion development rate (b), represented by the slope of the linear model fi tted to the lesion diameter, was slower in curative treatments than in eradicative treatments ( Table 1 ). The same rate also was slower for peaches inoculated with M. laxa than with M. fructicola (Table 1) . Besides, at the last day of evaluation, lesion diameter on fruit inoculated with M. laxa was smaller than on fruit inoculated with M. fructicola (Figure 3 ).
Discussion
Hexanal, applied as a single dose at the moment of fungi transfer and kept for 24 h, had a completely growth inhibition of M. fructicola and a mycelial growth inhibition of M. Laxa, greater than 80 %. Similar results were observed when benzaldehyde, ethyl benzoate and methyl salicylate were tested against M. fructicola and A fungicidal effect for M. fructicola similar to that found for C. acutatum was also observed. This pathogen, however, was kept for seven days in closed containers and exposed to lower doses of hexanal (Almenar et al., 2007) . Nevertheless, hexanal had a fungistatic effect against M. laxa, as the pathogen growth was observed even after 24 h of volatile exposure, similar to the results found for A. alternata and B. cinerea (Almenar et al., 2007) and P. expansum when treated with 73.8 µL L -1 after a 7-day exposure (Neri et al., 2006) .
Hexanal did not completely suppress the development of peach brown rot, but it had an antifungal activity against Monilinia spp. by reducing the increase of lesion size and completely inhibiting sporulation (p < 0.05). Our results are promising and useful because Monilinia spp. control in peaches was achieved using a single application of hexanal for short period of fruit exposure to the volatile.
Although many researchers reported higher levels of fruit rot control, greater effi ciency was reached when higher doses, longer exposure periods and continuous application of hexanal were used (Caccioni et al., 1995; Fan et al., 2006; Song et al., 2007; Utto et al., 2007) . For example, tomato (Lycopersicon esculentum Mill) grey mould was almost completely controlled when hexanal was continuously applied for seven days on inoculated fruit (Utto et al., 2007) . Similarly, lesion size of blue mould caused by P. expansum was reduced when apples were exposed to hexanal for two days (Fan et al., 2006) . Caccioni et al. (1995) reported that a single dose of hexanal applied at 150 µL L -1 on nectarines (Prunus persica (L.) Batsch) completely inhibited brown rot development 48 h after the fruit was inoculated with M. laxa. Moreover, the use of the volatile at the rate of 900 µL L -1 in a fl ow system markedly reduced lesion development on peaches inoculated with M. fructicola and raspberries infected by B. cinerea (Song et al., 2007) .
The curative treatment with hexanal applied after 24 h on peaches inoculated with Monilinia spp. showed a higher effi ciency of disease control than the eradicative treatment. This is interesting because of the quiescent behavior of this pathogen. Similar results were observed when trans-2-hexenal vapor (12.5 µL L -1 ) was applied on pears inoculated with P. expansum (Neri et al., 2006) . While hexanal seems not to cause phytotoxicity in peaches, it is suggested that trans-2-hexenal fumigation promotes phytotoxicity (Neri et al., 2007) .
In the literature reports can be found on spore viability when fungi are treated with volatiles (Fan et al., 2006; Neri et al., 2006; Song et al., 2007; Wilson et al., 1987) . However, there are no studies on the effect of these products on fungi spore production. In our research, hexanal completely inhibited M. fructicola and M. laxa sporulation in vitro and on peaches, showing that fungi dispersal to other fruits can be avoided.
In Brazil refrigeration techniques during fruit transportation, storage and commercialization are not often used. Therefore, the use of hexanal for short periods at low concentration and as a single dose rather than a fl ow system, is relevant. This technique is highly recommended for use in the postharvest system in Brazil, as it is inexpensive and easy to handle.
Conclusions
Hexanal at the rate of 50 µL L -1 at the moment of application, used as a single dose had a direct negative effect on the mycelial growth and sporulation of M. fructicola and M. laxa in vitro. In addition, the volatile reduced the severity of the brown rot and completely inhibited fungi reproduction on peaches. The use of volatile compounds, such as hexanal, to control postharvest 
